Cytochalasin-induced actin disruption has often been associated with decreased bacterial internalization by cultured epithelial cells, although polarized enterocytes have not been systematically studied. In assays using confluent polarized HT-29 enterocytes, cytochalasin D appeared to increase internalization of wild-type Salmonella typhimurium, Proteus mirabilis, and Escherichia coli. HeLa and HEp-2 epithelial cells, as well as HT-29 and Caco-2 enterocytes, were used to clarify this unexpected observation. Resulting data showed that cytochalasin D was associated with increased internalization of S. typhimurium and P. mirabilis by both HT-29 and Caco-2 enterocytes and with increased internalization of E. coli by HT-29 enterocytes; with either HeLa or HEp-2 cells, cytochalasin was associated with no change or a decrease in internalization of these same bacterial strains. Cytochalasin caused decreased internalization of Listeria monocytogenes by HT-29, Caco-2, HeLa, and HEp-2 cells, indicating that cytochalasin did not consistently augment bacterial internalization by polarized enterocytes. Fluorescein-labeled phalloidin confirmed marked disruption of filamentous actin in cytochalasin-treated HT-29, Caco-2, HeLa, and HEp-2 cells. Cytochalasin had no noticeable effect on epithelial viability but caused distorted apical microvilli, cell rounding, and separation of adjacent enterocytes in confluent cultures (with a corresponding decrease in transepithelial electrical resistance). Scanning electron microscopy showed that cytochalasin-induced enhanced bacterial internalization was associated with preferential bacterial adherence on the exposed enterocyte lateral surface. Colchicine, used to disrupt microtubules, had no noticeable effect on bacterial internalization by HT-29 or Caco-2 enterocytes. These data indicated that for HT-29 and Caco-2 enterocytes, cytochalasin-induced disruption of filamentous actin might augment internalization of some bacterial species by a mechanism that appeared to involve exposure of the enterocyte lateral surface.
Cellular actin exists in several forms within polarized epithelial cells (3, 5, 15) . Monomeric actin forms a globular pool (G-actin) distributed diffusely throughout the cell cytoplasm. Oligomeric, polymerized, filamentous actin (F-actin) is found in a number of locations, including (i) in the terminal web and extending into the core of the microvilli and toward regions of intercellular contacts, (ii) in association with cadherins at the zonula adherens forming a peripheral ring surrounding the cell, (iii) in a less organized network of filaments found along the rest of the lateral surface including the tight junctions, and (iv) in larger bundles in the basal cytoplasm in association with integrins at focal adhesion sites (5, 15) defined as regions of the plasma membrane that are so close to the substratum (10 to 15 nm) that they appear as dark areas (focal contacts) by interference reflection microscopy (21) . In the last decade, many investigators have attempted to clarify the role of eucaryotic actin in bacterial interactions with cultured epithelial cells.
Cytochalasins are low-molecular-weight fungal metabolites that bind actin and cause a number of effects that depend on the cell type and density, as well as the cytochalasin concentration and type (3, 43) . Cytochalasins resemble capping proteins because they bind to the fast-polymerizing barbed ends (as opposed to the pointed ends) of actin filaments, inhibiting the association and dissociation of actin subunits at that end (3) . Cytochalasins have been shown to depolymerize F-actin, to cleave filaments, to stabilize oligomers, to stimulate F-actin ATPase activity, and to interact with G-actin to accelerate actin self-assembly (15, 32) . A general observation is that cytochalasins change actin organization from an isotropic network to focal accumulations (3) .
The binding of cytochalasins to the barbed ends of actin filaments may have an additional function related to cellular focal adhesions. Transmembrane adhesion proteins (integrins) link extracellular matrix components on the substratum to dense cytoplasmic plaques associated with actin bundles, termed stress fibers (21) . If actin filaments are held in place by capping proteins at the barbed ends, cytochalasins may release these filaments, permitting them to contract into punctuate aggregates. The observation that cytochalasins can cause contraction of stress fibers supports this theory (3, 5) . Cytochalasins influence a variety of eucaryotic cellular activities associated with contractility. Cytochalasins have been reported to prevent cytoplasmic cleavage, to inhibit cell motility, and to cause cells to round up or flatten, to stop membrane ruffling, and to stop translocating molecules (3, 32, 43) .
Cytochalasins B and D have been most frequently used to clarify the effect of actin on bacterial internalization by eucaryotic cells, with cytochalasin D used more often than B, likely because D is considered the most specific and potent of the cytochalasins (30) . If cytochalasin D interferes with bacterial internalization, it has been inferred that F-actin plays a role and that internalization is directed by the host cell as opposed to the bacterium itself. The effect of cytochalasin D on bacterial internalization has been studied in a variety of bacterial species and a variety of host eucaryotic cells. The most frequent observation has been that cytochalasin D decreases bacterial internalization by eucaryotic cells, implicating the need for functional F-actin in host-directed bacterial endocytosis (1, 2, 4, 6, 7, 10-13, 19, 25, 27, 30, 31, 34, 44) . There is ample evidence in the literature to conclude that the uptake of most, if not all, bacteria into eucaryotic cells (including epithelial cells) can be blocked by cytochalasins.
Thus, we were surprised to observe that in polarized HT-29 enterocytes, cytochalasin D increased internalization of several wild-type strains of enteric bacteria. Experiments were then designed to clarify this observation. Resulting data indicated that cytochalasin D was associated with enhanced internalization of some strains of enteric bacteria by polarized HT-29 and Caco-2 enterocytes by a mechanism that appeared to involve cell rounding with exposure of the enterocyte lateral surface.
MATERIALS AND METHODS
Bacteria. Salmonella typhimurium ATCC 14028, Listeria monocytogenes ATCC 43249 serotype 1/2a, Shigella flexneri ATCC 12022, and Shigella sonnei ATCC 25931 were obtained from the American Type Culture Collection (ATCC), Rockville, Md. Proteus mirabilis M13 and Escherichia coli M21 are rodent isolates. These bacterial species represent a spectrum of virulence, and excluding the shigellae, these strains have been used in several in vivo studies of oral infectivity in rodents (35, 39) as well as in vitro studies of bacterial internalization by cultured enterocytes (37, 38, 40, 41) .
Cultured eucaryotic cells. All epithelial cell lines were obtained from the ATCC and were cultivated in 24-well (2-cm 2 ) plastic dishes. Cells were seeded at 10 5 per well for use after overnight cultivation, or 2 ϫ 10 4 per well for use after prolonged (2-to 3-week) cultivation. Unless otherwise stated, all tissue culture reagents were purchased from Sigma Chemical Co., St. Louis, Mo. Epithelial cell viability was assessed with the vital dyes trypan blue (0.36%) and propidium iodide (20 g/ml).
HT-29 cells are human enterocytes that are relatively undifferentiated when cultivated under standard conditions, but when grown in the absence of glucose, confluent HT-29 cells are highly polarized and contain two phenotypes resembling terminally differentiated absorptive enterocytes and mucus-secreting goblet cells (18, 26, 28) . HT-29 cells were used at passages 16 to 18 following removal of glucose; these cells were cultivated as described by Huet et al. (18) in glucosefree Dulbecco's modified Eagle's medium supplemented with 15% dialyzed fetal bovine serum, 4 mM L-glutamine, and 5 mM galactose. HT-29 cells were incubated at 37°C in 9.5% CO 2 for 22 to 24 days, when these enterocytes are considered highly polarized and differentiated (18, 26, 28) . Because there is evidence that HT-29 differentiation is reversible when galactose-adapted enterocytes are seeded back into glucose medium (18, 26) , for selected experiments, HT-29 cells were cultivated in the presence of glucose (producing HT-29glu cells), using Dulbecco's modified Eagle's medium supplemented with 15% fetal bovine serum and 4 mM L-glutamine. HT-29glu cells have been reported to have a faster doubling time than HT-29 cells (18, 28) . HT-29glu cells grew more rapidly than HT-29 cells, achieving confluence in several days, and were cultivated 15 to 17 days at 37°C in 9.5% CO 2 . HT-29glu were used at passages 2 and 3 from a stock culture obtained directly from the ATCC and not yet cultivated away from glucose and at passage 24 from HT-29 cells that had been cultivated in the absence of glucose for the first 22 passages. Caco-2 cells (human enterocytes) were cultivated in the same medium and under the same conditions as those described for HT-29glu enterocytes. Caco-2 cells were used at passages 5 to 12 and after 15 to 17 days of incubation, when these enterocytes are considered polarized and differentiated (26, 29) . Using transmission electron microscopy, we have previously shown that these mature Caco-2 and HT-29 enterocytes have characteristics of polarized cells, i.e., well-developed apical microvilli, distinct apical and basolateral domains, and tight junctions joining adjacent enterocytes (36, 40, 42) .
HEp-2 cells (human larynx epithelium) were cultivated in minimal essential medium supplemented with Earle's salts supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 2.2 g of sodium bicarbonate (Celox Laboratories, Hopkins, Minn.) per liter. HeLa cells (human epithelioid carcinoma) were cultivated in the same medium supplemented with nonessential amino acids (Celox). HEp-2 and HeLa cells were at passages 3 to 7 and after overnight incubation at 37°C in 5% CO 2 .
Bacterial internalization by cultured epithelial cells. Epithelial cell internalization of viable bacteria was assayed as described previously (37, 38, 40, 41) , with minor modifications. Overnight tryptic soy broth (Difco Laboratories, Detroit, Mich.) cultures of individual bacterial strains were washed twice and diluted in the appropriate tissue culture medium. Maintaining a multiplicity of infection of 100 (bacterium-to-epithelial cell ratio), 1 ml containing 10 7 or 10 8 viable bacteria was added to each tissue culture well containing either 10 5 epithelial cells (overnight nonconfluent cultures) or 10 6 epithelial cells (2-to 3-week-old confluent cultures), respectively. Bacterial concentrations were determined by densitometry and confirmed by serial dilution, followed by viable plate counts on appropriate agar media. Bacteria were incubated with epithelial cells for 1 h at 37°C. Epithelial cells were then washed five times with Hanks balanced salt solution (HBSS), and tissue culture medium containing gentamicin sulfate (50 g/ml) was added to kill residual viable extracellular bacteria. After 2.5 h, epithelial cells were washed five times with HBSS and lysed for 3 to 5 min with 1% Triton X-100. Viable intracellular bacteria were quantified following serial dilution and incubation on appropriate agar media. Agar media consistently included both colistin-nalidixic acid agar (Difco) supplemented with 5% sheep blood and MacConkey agar supplemented with 10% lactose (Difco) to verify the purity and concentration of the bacterial inocula, to verify the absence of extracellular bacteria after incubation with gentamicin, and to quantify the numbers of intracellular bacteria while verifying the absence of bacterial contamination after epithelial cell lysis.
Cytochalasin D from Zygosporium mansonii (Sigma) was used to study the effect of actin disruption on bacterial internalization by cultured epithelial cells. In all experiments, epithelial cells were pretreated with cytochalasin for 1 h, and cytochalasin was present throughout the bacterial internalization assay. Results of preliminary experiments using mature HT-29 enterocytes and 0, 0.1, 1.0, and 10 g of cytochalasin per ml indicated that 1.0 g/ml was the optimal concentration to modulate the internalization of each of the bacterial strains studied. Working dilutions of cytochalasin were made in the appropriate tissue culture medium, using a stock solution of 1 mg/ml in dimethyl sulfoxide maintained at Ϫ20°C. Preliminary experiments showed that pertinent concentrations of dimethyl sulfoxide had no noticeable effect on bacterial internalization and that pertinent concentrations of cytochalasin D had no effect on bacterial viability.
In selected experiments, the effects of cytochalasin were studied in assays using confluent enterocytes that had their junctional complexes previously disrupted by incubation in a calcium-free medium, which does not effect enterocyte viability but reversibly disrupts the junctional complex, exposing the lateral enterocyte membrane (14, 37) . It was preferable to use a calcium-free medium to open enterocyte tight junctions, as opposed to calcium chelation with ethylene glycolbis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid, because the latter compound has been reported to artifactually inhibit Caco-2 internalization of L. monocytogenes (14) . Enterocytes were incubated 1 h in calcium-free KrebsRinger solution (37) , washed three times with HBSS, and then incubated 1 h in tissue culture medium supplemented with 1 g of cytochalasin D per ml. Bacterial internalization was then assayed as described above, with cytochalasin present throughout the assay.
Colchicine was used to study the effects of microtubule disruption (30) on bacterial internalization by enterocytes. Enterocytes were pretreated 1 h with various concentrations of colchicine (Sigma), and colchicine was present throughout the bacterial internalization assay. Working dilutions of colchicine were made in the appropriate tissue culture medium, using a stock solution of 25 mg/ml in absolute ethanol maintained at Ϫ20°C.
To quantify bacterial internalization by epithelial cells, each bacterial strain was tested in at least three separate assays, performed on different days, each assay representing the average of triplicate tissue culture wells. Bacterial numbers were converted to log 10 prior to statistical analysis. The lower limit of assay detection was 50 bacteria or 1.7 log 10 ; for statistical analysis, values below this limit were assigned a value of 1.7. Differences in bacterial numbers were analyzed by a one-way analysis of variance followed by Scheffe's test for significant differences. Statistical analyses were performed with StatView 4.5 (Abacus Concepts, Berkeley, Calif.).
Visualization of filamentous actin. Phalloidin is a phallotoxin that preferentially binds actin filaments as opposed to actin monomers (1, 5) . The distribution of F-actin in the epithelial cell cytoskeleton was observed by the method of Howard and Meyer (17) , with minor modifications. Epithelial cultures were incubated at 37°C for 30 min with 0.8 M fluorescein-labeled phalloidin (Sigma) suspended in 5% buffered formalin containing 0.1 mg of lysophosphatidylcholine (Sigma) per ml, then washed three times with HBSS, mounted in phosphatebuffered saline-glycerin (1 part-9 parts) containing 0.1% p-phenylenediamine (Sigma) at pH 8, and viewed by epifluorescence microscopy.
TEER. Transepithelial electrical resistance (TEER) can be used to monitor changes in epithelial cell culture integrity, presumably caused by loosening of the tight junctions (18) . TEER was studied with the Millicell electrical resistance system (Millipore Corp., Bedford, Mass.), using mature enterocyte cultures grown on Falcon 0.45-m-pore-size Cyclopore membranes with a 0.6-cm 2 surface area (Becton Dickinson & Co., Lincoln Park, N.J.). Because TEER values often vary among individual enterocyte cultures, prior to addition of a test medium, each electrical resistance value was recorded after subtracting the average resistance of two membranes in the absence of enterocytes, i.e., membranes equilibrated overnight in tissue culture medium. The decrease in TEER (⌬⍀/cm 2 ) was calculated as ⌬⍀/cm 2 ϭ 0.6 cm 2 (⍀ in tissue culture medium Ϫ ⍀ after 1 h of incubation in test medium).
Ultrastructural visualization of cultured enterocytes and enteric bacteria. High-resolution, low-voltage scanning electron microscopy (SEM) was used to observe the effect of cytochalasin D on nonconfluent HeLa and HEp-2 cells and on confluent Caco-2 and HT-29 cells; bacterial surface interactions with cytochalasin-treated epithelial cells were also observed. For SEM, epithelial cells were grown in wells containing a 12-mm-diameter glass coverslip. Epithelial cells were treated with cytochalasin D and incubated with bacteria as described above for bacterial internalization. Epithelial cells were then washed, fixed, and processed for SEM as described previously (37, 38, 40, 41) . Fixed samples were dehydrated in ethanol, critical-point dried with CO 2 , and sputter-coated with a 1-nm discontinuous layer of platinum. A modified YAG crystal scintillator was used for backscatter electron imaging at 3 to 4 kV in a Hitachi S-900 field emission scanning electron microscope.
RESULTS
Effects of cytochalasin D on bacterial internalization by HeLa, Hep-2, HT-29, Caco-2, and HT-29glu cells. Data from initial experiments indicated that a 1-h pretreatment of mature, confluent HT-29 enterocytes with cytochalasin resulted in decreased internalization of L. monocytogenes but augmented internalization of S. typhimurium, P. mirabilis, and E. coli (data not shown). These results were surprising because other investigators have typically reported that cytochalasin D was associated with decreased (not increased) bacterial internalization by cultured epithelial cells (10, 30) . We therefore compared the effects of cytochalasin on bacterial internalization in mature, confluent HT-29 enterocytes, HeLa and HEp-2 cells (two nonconfluent cell lines often used by others), as well as nonconfluent HT-29 enterocytes. Assay conditions were similar to those most often used by others (1, 2, 4, 6, 7, 10-13, 19, 25, 27, 30, 31, 34, 44) , e.g., similar cultivation conditions for the nonconfluent epithelial cells, similar cytochalasin concentrations, and similar bacterium-to-epithelial cell ratios. Figure 1 summarizes the effects of cytochalasin on internalization of L. monocytogenes, S. typhimurium, P. mirabilis, and E. coli in mature, confluent HT-29 enterocytes as well as nonconfluent HeLa, HEp-2, and HT-29 cells. Cytochalasin was associated with decreased internalization of L. monocytogenes in each of these four cell lines (Fig. 1) . Internalization of S. typhimurium was decreased with HeLa and HEp-2 cells but increased with confluent and nonconfluent HT-29 enterocytes. P. mirabilis internalization was decreased in cytochalasintreated HEp-2 cells, unchanged in cytochalasin-treated HeLa cells, but increased in both confluent and nonconfluent HT-29 enterocytes (Fig. 1) . Cytochalasin had no apparent effect on HeLa or HEp-2 internalization of E. coli, but the numbers of intracellular E. coli were near the lower limit of assay detection and might not be reliable; internalization of E. coli was augmented in confluent but not nonconfluent HT-29 enterocytes (Fig. 1) .
Because there is evidence that the effects of cytochalasins are rapidly reversible (22, 32) , we attempted to determine if the effects of cytochalasin on bacterial internalization were reversible. Mature HT-29 enterocytes were pretreated for 1 h with cytochalasin D, and cytochalasin was then washed off. Internalization of L. monocytogenes, S. typhimurium, P. mirabilis, and E. coli was assayed immediately (0 h) and 24 and 48 h later. Significant effects of cytochalasin on bacterial internalization were noted only at 0 h; there were no significant differences between the numbers of bacteria internalized by untreated enterocytes and by cytochalasin-treated enterocytes assayed 24 and 48 h after removal of cytochalasin (data not shown).
To eliminate the possibility that cytochalasin-induced alterations in bacterial internalization were unique to the HT-29 enterocyte cell line, we tested another polarized enterocyte cell line, Caco-2. Early-and late-passage (described in Materials and Methods) HT-29glu enterocytes were also tested. In confluent HT-29 as well as confluent Caco-2 and HT-29glu enterocytes, L. monocytogenes internalization was dramatically decreased while internalization of S. typhimurium and P. mirabilis was increased (Fig. 2) . Cytochalasin was associated with decreased E. coli internalization by confluent Caco-2 enterocytes but appeared to have little effect on E. coli internalization by HT-29glu enterocytes (Fig. 2) .
Effect of cytochalasin D on epithelial cell viability and filamentous actin. Similar to untreated epithelial cells, all epithelial cells remained Ն95% viable following 1 h of incubation in tissue culture medium supplemented with cytochalasin D (1 g/ml) and following a subsequent 1-h incubation with L. monocytogenes, S. typhimurium, P. mirabilis, or E. coli.
After a 1-h incubation with cytochalasin, F-actin distribution was dramatically altered in each of the cell lines tested (not shown). Following staining with fluorescein-labeled phalloidin, and depending on the plane of focus, untreated Caco-2 and HT-29 enterocytes had (i) finely diffuse apical punctuate staining typical of actin in microvillar cores, (ii) smooth peripheral rings of actin presumably associated with the zonula adherens, (iii) larger actin bundles more basally situated presumably in focal contacts to the substratum, and (iv) a fine meshwork of stress fibers traversing the cells. After cytochalasin treatment, circumferential actin rings lost prominence in enterocytes but were still evident, and actin focal aggregates were noted at all focal planes. In untreated HeLa and HEp-2 cells, actin was most evident at the periphery and in stress fibers, as well as in punctuate staining characteristic of microvilli and focal contacts; after cytochalasin treatment, focal aggregates were prominent at all focal planes.
Effect of cytochalasin D on enterocyte ultrastructural topography and bacterium-enterocyte surface interactions. WrightGiemsa stains of confluent Caco-2 and HT-29 enterocytes, observed by light microscopy, indicated that approximately 20 to 40% of the cytochalasin-treated culture had separation of adjacent enterocytes (not shown). Nonconfluent HT-29 cells (consisting primarily of islets of 3 to 10 enterocytes) had smooth cellular outlines, compared to noticeable cytoplasmic blebs following cytochalasin treatment (not shown).
As viewed by SEM, cytochalasin had similar effects on the surface topography of confluent Caco-2 and HT-29 enterocytes. Cytochalasin caused some enterocytes to separate from each other, resulting in noticeable chasms between adjacent enterocytes; there was considerable enterocyte to enterocyte variation in the apical microvilli which appeared relatively sparse, elongated, clumped, or otherwise distorted (Fig. 3) . The effects of cytochalasin on nonconfluent HeLa and HEp-2 cells included cell rounding, as well as clumping and distortion of relatively sparse apical microvilli (not shown). and Caco-2 enterocytes: L. monocytogenes appeared diffusely adherent to the apical as well as the lateral surface of separated enterocytes, while S. typhimurium and P. mirabilis appeared preferentially adherent to the enterocyte lateral surface (Fig.  4) . Although the numbers of adherent E. coli visualized were low compared to the other three bacterial strains in this study, E. coli appeared diffusely adherent to cytochalasin-treated Caco-2 enterocytes but preferentially adherent to the exposed lateral surface of cytochalasin-treated HT-29 enterocytes.
Effect of cytochalasin D on bacterial internalization by enterocytes with exposed lateral surfaces. If the effect of cytochalasin D on enhanced bacterial internalization was primarily related to exposure of the enterocyte lateral surface, cytochalasin should have little additional effect on bacterial internalization in enterocytes with lateral membranes previously exposed by another means. Thus, enterocytes were incubated for 1 h in calcium-free medium prior to the 1-h incubation with cytochalasin, and bacterial internalization was then quantified. Such calcium deprivation does not affect enterocyte viability but causes confluent enterocytes to round up, exposing the lateral enterocyte surface (37) .
As expected (14, 37) , exposure of confluent HT-29 and Caco-2 enterocytes to a calcium-free medium was associated with increased numbers of intracellular L. monocytogenes, S. typhimurium, P. mirabilis, and E. coli cells (Fig. 5) , and light microscopy of Wright-Giemsa-stained cultures confirmed that closely apposed enterocytes pulled apart from each other (not shown). Increased bacterial internalization by cytochalasin-treated HT-29 and Caco-2 enterocytes was similar to that described above ( Fig. 1 and 2) , verifying the reproducibility of these results. For P. mirabilis, exposure to a calcium-free medium and to cytochalasin had an additive effect on bacterial internalization by internalization by HT-29 enterocytes. However, for the remaining seven bacterium-enterocyte combinations, bacteria were internalized in similar numbers by enterocytes treated with cytochalasin alone compared to enterocytes treated with cytochalasin but with lateral membranes previously exposed by another means (i.e., incubation in a calcium-free medium); interestingly, this phenomenon was noted for bacterial strains whose internalization was either increased or decreased by cytochalasin treatment (Fig. 5) .
Internalization of S. flexneri and S. sonnei by mature Caco-2 enterocytes. Others have noted that S. flexneri does not generally enter through the apical Caco-2 surface but prefers the basolateral route (24) . We therefore tested the effects of cytochalasin and calcium-free medium on internalization of shigellae, using our Caco-2 cultures cultivated under the conditions used in the experiments described above. Because internalization of shigellae was generally undetectable in initial experiments, enterocytes were centrifuged (2,000 ϫ g for 10 min) immediately after addition of the bacterial inoculum to facilitate bacterium-enterocyte contact (24) . Compared to numbers of internalized shigellae in untreated enterocytes, centrifugation consistently increased (P Ͻ 0.01) internalization of shigellae (Table 1) . As expected, numbers of viable intracellular shigellae were consistently greater in Caco-2 cultures exposed to calcium-free medium than in enterocytes incubated in normal tissue culture medium (Table 1) . However, cytochalasin had no effect on internalization of shigellae, with the exception of decreased S. sonnei internalization by centrifuged Caco-2 cells (Table 1) .
Effect of colchicine on bacterial internalization by mature HT-29 and Caco-2 enterocytes. To study the effects of microtubule disruption on bacterial internalization, mature HT-29 and Caco-2 enterocytes were pretreated for 1 h with 0, 1, 5, or 25 g of colchicine per ml. These concentrations of colchicine were chosen because 8 g/ml causes marked disruption of Caco-2 microtubules (22) . Colchicine had no noticeable effect on internalization of either L. monocytogenes, S. typhimurium, P. mirabilis, or E. coli (Fig. 6 ). Colchicine had no noticeable effect on enterocyte viability.
Effect of cytochalasin D and colchicine on TEER of mature enterocytes. Exposure of HT-29 cells to calcium-free medium causes rounding of all enterocytes and TEER values decrease to baseline values (37) . Calcium-free medium can thus be used as a positive control in studies of the effects of various compounds on enterocyte TEER. We have previously reported decreased TEER in HT-29 cultures incubated for 1 h with cytochalasin D (37) . Similar decreases in TEER were noted with cytochalasin-treated Caco-2 cultures, although colchicine had little effect on TEER ( Table 2) . TEER values were measured 1, 2, and 3 h after cytochalasin or colchicine treatment of Caco-2 cultures, but all decreases appeared maximal after 1 h (data not shown).
DISCUSSION
Cytochalasin-induced actin disruption has been typically associated with decreased bacterial internalization by cultured epithelial cells (1, 2, 4, 6, 7, 10-13, 19, 25, 27, 30, 31, 34, 44) . Although Murai et al. (25) reported that cytochalasin B enhanced internalization of Staphylococcus aureus by primary mouse kidney cells, such reports are rare, and we could find no report describing a similar effect of cytochalasin D. Thus, we were surprised that in polarized enterocytes, cytochalasin D was associated with increased internalization of several bacterial species ( Fig. 1 and 2) .
Because polarized enterocytes have not often been used to study the effects of cytochalasins on bacterium-epithelial cell interactions, results from experiments using confluent HT-29 and Caco-2 enterocytes were compared with results from experiments using other types of epithelial cells. These other epithelial cell lines included two variations of HT-29 enterocytes, namely, nonconfluent HT-29 cells and confluent HT29glu cells, as well as two cell lines that do not establish polarized monolayers and are used frequently by others, namely, HeLa and HEp-2 cells. Cytochalasin was associated with decreased internalization of S. typhimurium and P. mirabilis in the two nonenterocytic cell lines (HeLa and HEp-2) but with increased internalization in the four types of enterocyte cultures. The effect of cytochalasin on the numbers of internalized E. coli cells showed no pattern, but this E. coli strain was relatively noninvasive and numbers of internalized E. coli cells were often near the lower limit of assay detection and might not be reliable. For each of these epithelial cultures, internalization of L. monocytogenes was consistently decreased in the presence of cytochalasin, indicating that cytochalasin-induced augmentation of bacterial internalization by enterocytes might be species specific.
We cannot explain the similar results obtained with confluent HT-29glu and HT-29 enterocytes and with nonconfluent HT-29 enterocytes. Others have shown that markers of enterocyte differentiation are not fully expressed until enterocytes achieve confluency (18, 26, 28, 29) , and several investigators have reported that HT-29glu enterocytes are undifferentiated compared to HT-29 enterocytes (18, 26) . Therefore, although we had expected that the effect of cytochalasin on bacterial internalization might differ for confluent HT-29 enterocytes compared to nonconfluent HT-29 and confluent HT-29glu enterocytes, the data suggested that the effect of cytochalasin on bacterial internalization may not depend on the stage of HT-29 differentiation.
As noted by others (3, 32) , cytochalasin D had no noticeable effect on epithelial cell viability, and staining with fluoresceinlabeled phalloidin confirmed that cytochalasin disrupted Factin in a characteristic manner (15, 32, 43) . As also reported by others (3, 32, 43) , cytochalasin D caused cell rounding, and closely apposed epithelial cells pulled apart from each other. It should be noted that nonconfluent HT-29 enterocytes were actually clusters of cells, and there was thus increased exposure The observed cytochalasin-induced disruptions in intercellular junctions of adjacent enterocytes were consistent with decreased TEER following cytochalasin treatment of these confluent cultures. Conversely, colchicine had minimal effect on TEER of confluent enterocyes and had no noticeable effect on bacterial internalization. Ma et al. (22) reported that colchicine-induced disruption of Caco-2 microtubules had no significant effect on actin microfilaments, intercellular junctions, or paracellular permeability. We have previously reported separation of individual enterocytes in mature confluent HT-29 cultures incubated for 1 h either in a calcium-free medium (37) or in a medium containing purified toxin secreted by enterotoxigenic strains of Bacteroides fragilis (38) . These two treatments did not affect enterocyte viability but were associated with increased internalization of the same strains of S. typhimurium, P. mirabilis, and E. coli used in the present study; these increased numbers of intracellular bacteria were also accompanied by electron microscopic visualization of bacterial cells preferentially adherent to the exposed enterocyte lateral surface (37, 38) . The fact that calcium-free medium, B. fragilis enterotoxin, and cytochalasin D are disparate treatments with similar outcomes (i.e., exposure of the enterocyte lateral membrane and increased bacterial internalization) argues strongly that the lateral enterocyte surface might be the preferred site of internalization for some strains of enteric bacteria.
The observation that specific strains of enteric bacteria preferentially adhered to the lateral enterocyte surface is not new. Several years ago, Mounier et al. (24) reported that S. flexneri preferentially bound to the exposed lateral membranes of Caco-2 enterocytes when these surfaces were exposed by calcium chelation and that these adherent bacteria more easily invaded enterocytes. Mounier et al. (24) concluded that S. flexneri did not generally enter Caco-2 cells through the apical pole but rather used the basolateral route, which is normally not exposed. We similarly noted that shigellae did not readily enter Caco-2 enterocytes and that internalization was significantly increased in enterocytes that had their lateral surfaces exposed by treatment with low extracellular calcium (Table 1) . However, cytochalasin was not associated with increased internalization of shigellae but was associated with decreased internalization of S. sonnei and no change in S. flexneri internalization (Table 1) . At first inspection, these effects of cytochalasin on internalization of shigellae appear at odds with the results with other members of the family Enterobacteriaceae ( Fig. 1  and 2 ). However, Finlay and Falkow (8) similarly noted that cytochalasin D inhibited S. flexneri entry into polarized MDCK cells. Strauss and Falkow (33) recently summarized "striking similarities" in the behavior of L. monocytogenes and S. flexneri within host cells; i.e., both are internalized within membranebound cytoplasmic vacuoles, and both lyse the vacuole and harness actin, using the force generated by actin polymerization to infect adjacent cells. And, in contrast to shigellae, salmonellae do not lyse the Caco-2 phagosomal membrane, but multiply within the phagosome, and likely move through FIG. 5 . Internalization of L. monocytogenes, S. typhimurium, P. mirabilis, and E. coli by confluent Caco-2 and HT-29 enterocytes that had been either untreated or preincubated for 1 h in either calcium-free medium, 1 g of cytochalasin D per ml, or calcium-free medium followed by an additional 1-h incubation with cytochalasin. Horizontal lines indicate lower limit of assay detection. Error bars are not apparent if Ͻ0.1. Significant change in the numbers of bacteria internalized by treated enterocytes compared to the numbers of bacteria internalized by corresponding control, untreated enterocytes: ‫,ء‬ P Ͻ 0.01; †, P Ͻ 0.05. For both HT-29 and Caco-2 enterocytes, there are no significant differences in the numbers of bacteria internalized by enterocytes treated with cytochalasin alone compared to the numbers internalized by enterocytes incubated in calcium-free medium prior to cytochalasin treatment, with the exception of P. mirabilis incubated with HT-29 enterocytes, where the numbers of internalized proteus are greater in enterocytes incubated in the calcium-free medium prior to the cytochalasin treatment: ‡, P Ͻ 0.05. Average of at least three separate assays, with a lower detection limit of 50 bacteria (1.7 log 10 ). Numbers of internalized shigellae consistently increased in control enterocytes that were centrifuged compared to control enterocytes that were not centrifuged (P Ͻ 0.01).
b Significantly decreased compared to corresponding control enterocytes, P Ͻ 0.05.
c Significantly increased compared to corresponding control enterocytes, P Ͻ 0.01. the enterocyte by transcytosis (9) . Thus, in analyzing bacterial interactions with eucaryotic actin, there is evidence that shigellae may have more in common with L. monocytogenes than with other genera of Enterobacteriaceae.
Using the six different types of cultured epithelia, cytochalasin was consistently associated with decreased internalization of L. monocytogenes. Karunasagar et al. (20) noted that listerial uptake appeared favored at the apical enterocyte surface, but basolateral penetration could not be excluded. Gaillard and Finlay subsequently (14) reported that L. monocytogenes bound to and entered both the apical and lateral surfaces of mature Caco-2 cells, although the lateral surface appeared to be the preferred site of entry, based in part on enhanced internalization following disruption of the Caco-2 tight junctions by calcium-free medium. We noted that internalization of L. monocytogenes was augmented in enterocytes with their lateral surfaces exposed by a calcium-free medium (Fig. 5) , also indicating that exposure of the lateral enterocyte surface might augment listerial internalization. Thus, there is evidence that internalization of L. monocytogenes occurs at both the apical and lateral surfaces of polarized enterocytes.
If exposure of the lateral enterocyte surface was an important factor in increased bacterial internalization by cytochalasin D-treated enterocytes, then cytochalasin might be expected to have little effect on the numbers of bacteria internalized by enterocytes that had their lateral surfaces previously exposed by another means. In those instances where bacterial internalization was similarly increased in enterocytes pretreated with calcium-free medium, with cytochalasin, or with both, the data indicated that exposure of the enterocyte lateral surface might explain the increased bacterial internalization by cytochalasintreated enterocytes (Fig. 5) . However, these results were not consistent. Perhaps either cytochalasin or exposure to calciumfree medium, or both, triggered a complex cascade of alterations in enterocyte function, and the mechanisms responsible for cytochalasin-induced increases in bacterial internalization cannot be explained solely on the basis of exposure of the enterocyte lateral surface. It is also possible (perhaps likely) that any treatment that opens enterocyte tight junctions (e.g., calcium-free medium or cytochalasin D) results in a redistribution of enterocyte receptors previously localized to the apical or the lateral enterocyte surface, and such receptor redistribution could modulate bacterial internalization by enterocytes. Nonetheless, cytochalasin-induced increases in bacterial internalization seemed to be due, at least in part, to exposure of the enterocyte lateral surface for nearly every bacterium-enterocyte combinations studied because (with exception of L. monocytogenes) bacterial internalization by cytochalasin-treated enterocytes was similar in enterocytes that had their lateral urfaces previously exposed by another means prior to the cytochalasin treatment (Fig. 5) .
The combined effects of calcium-free medium and cytochalasin D on enterocyte internalization of L. monocytogenes seemed particularly intriguing and might be explained in view of recent evidence that E-cadherin is the ligand for internalin, a surface protein on L. monocytogenes that is essential for entry into epithelial cells (23) . E-cadherin is a calcium-dependent, cell-cell adhesion molecule concentrated in the adherens junctions in association with actin filaments; E-cadherin is expressed basolaterally on enterocytes (16) . It was therefore not surprising that exposure of the enterocyte lateral surface (using low concentrations of extracellular calcium) was associated with increased numbers of internalized L. monocytogenes (Fig.  5) . The observation that cytochalasin had a dramatic inhibitory effect on listerial internalization, even in enterocytes that had their lateral surfaces previously exposed by incubation in calcium-free medium, indicated that functional actin played a major role in internalization of L. monocytogenes at the enterocyte lateral surface. These data are consistent with recent observations by Mengaud et al. (23) , who suggested that the requirement for actin polymerization (blocked by cytochalasin D) and the integrity of the E-cadherin cytoplasmic domain is If S. typhimurium and P. mirabilis entry is favored at the lateral enterocyte surface, and if the mechanism of entry of these bacteria differs from the L. monocytogenes-E-cadherin interaction, the lack of a cytochalasin-mediated inhibition of S. typhimurium and P. mirabilis internalization could be explained if cytochalasin does not inhibit all forms of endocytosis at the lateral surface. Interestingly, Gottlieb et al. (15) studied the effects of cytochalasin D on polarized MDCK cells and noted a fundamental difference in the process by which endocytotic vesicles are formed at the apical microvillar surface versus the basolateral surface. In a series of elegant experiments, cytochalasin selectively blocked endocytosis of fluid phase and particulate markers at the apical MDCK surface without affecting uptake at the basolateral surface. In addition, cytochalasin did not affect basolateral uptake by MDCK cells that had their tight junctions previously disrupted by depletion of extracellular calcium. Gottlieb et al. (15) concluded that cytochalasin D blocked apical, but not basolateral, endocytosis in polarized MDCK cells and further speculated that the selective inhibitory effect of cytochalasin on apical endocytosis was likely a general effect for all transporting epithelia.
It is important to stress that the results presented herein suggest, but do not prove, that functional F-actin might not be required for internalization of some bacterial species (such as S. typhimurium and P. mirabilis) that preferentially adhere to the enterocyte lateral surface. Although additional studies seem necessary to clarify the role of F-actin in bacterial internalization by enterocytes, the present results do suggest that specific strains of enteric bacteria may preferentially enter enterocytes through the lateral enterocyte surface by a mechanism independent of a pathway mediated by F-actin. Although additional experiments are needed to verify that the lateral enterocyte surface may be the preferred site of entry for some bacterial species, the evidence presented herein combined with evidence in the literature indicates that this is a reasonable working hypothesis to be challenged in future experiments.
